We investigated a series of nickel-based oxyarsenides LnNiAsO (Ln = La, Ce, Pr, Nd, Sm) compounds. CeNiAsO undergoes two successive anti-ferromagnetic transitions at T N1 = 9.3 K and T N2 = 7.3 K; SmNiAsO becomes an anti-ferromagnet below T N 3.5 K; NdNiAsO keeps paramagnetic down to 2 K but orders anti-ferromagnetically below T N 1.3 K. Superconductivity was observed only in Kramers non-magnetic LaNiAsO and PrNiAsO with T c = 2.7 K and 0.93 K, respectively. The superconductivity of PrNiAsO is further studied by upper critical field and specific heat measurements, which reveal that PrNiAsO is a weakly coupled Kramers non-magnetic superconductor. Our work confirms that the nickel-based oxyarsenide superconductors are substantially different in mechanism to iron-based ones, and are likely to be described by the conventional superconductivity theory.
Introduction
Low-dimensional superconductors with a layered crystal structure have been extensively studied and attract a lot of interest in the condensed-matter physics field, due to the exotic superconducting properties and unconventional superconductivity mechanism. As a typical example, the discovery of superconductivity (SC) in LaFeAsO 1−x F x [1] has opened a new field in search for new superconductors and elucidating the pairing interaction. The parent compounds LnFeAsO (Ln = lanthanides) crystallize the typical ZrCuSiAs structure in which layered Ln-O and Fe-As are sandwiched by each other, and they undergo a structural phase transition and a concomitant anti-ferromagnetic (AFM) transition associated with Fe ions [2] with cooling temperature. SC emerges when Fe-AFM ordering is suppressed by either chemical doping [1, 3, 4] or pressure effect [5] . Up to now, many families of iron-based superconductors have been discovered and studied. The pairing is mediated by AFM spin fluctuations [6, 7] , implying the unconventional SC in the iron-based pnictides.
As Fe is substituted by other transition metal elements, these compounds LnT mAsO (T m = Mn, Co, Ni et al) always display some interesting physical features. The iso-structural LaMnAsO is an AFM semiconductor [8] . LnCoAsO was reported to be an itinerant ferromagnet with the Curie temperature T c between 60 K and 80 K [9] [10] [11] . Whereas, the research on the nickel-based LnNiAsO is relatively lacking. The only well-studied member is LaNiAsO, which was reported to show SC [12, 13] below ∼2.75 K. Nuclear quadrupole resonance (NQR) experiment on LaNiAsO 1−x F x indicated the weakly correlated conventional SC and a full SC gap on the Fermi surface [14] . Whereas one of the most intriguing issues is whether all LnNiAsO compounds show superconductivity and have the same origin of pairing interaction as the iron-based superconductors. On the other hand, the introduction of magnetic Ln ions coexists and even enhances T c for the FeAs 1111 compounds, but if the similar behavior can be observed in the NiAs 1111 compounds.
In this paper, we have independently synthesized and investigated a series of LnNiAsO (Ln = La, Ce, Pr, Nd, Sm) compounds. Both LaNiAsO and CeNiAsO have been studied in previous literatures [12, 13, 15] . The new material SmNiAsO is obtained and undergoes an AFM transition at 3.5 K. NdNiAsO keeps paramagnetic down to 2 K but exhibits the local AFM phase transition below 1.3 K. These results also indicate that the magnetism in LnNiAsO system is only attributed to the rare earth elements. SC was observed only in Kramers nonmagnetic LaNiAsO and PrNiAsO with T c = 2.7 K and 0.93 K, respectively. The result indicates that superconductivity for NiAs 1111 compounds may be influenced by magnetic interactions. Upper critical field and specific heat measurements reveal that PrNiAsO is an electron-phonon weakly-coupled superconductor. On the other hand, as the NiAs layer in all these compounds is non-magnetic, our findings also reflect the important role of magnetic fluctuations developed in the FeAs layer in the unconventional SC of iron-based pnictides.
Experimental
A series of LnNiAsO (Ln = La, Ce, Pr, Nd, Sm) polycrystalline samples were synthesized by two-step solid state reaction in vacuum. Ln, Ni, As, and rare earth oxides (La 2 O 3 , CeO 2 , Pr 6 O 11 , Nd 2 O 3 and Sm 2 O 3 ) of high purity ( 99.5%, Alfa Aesar) were used as starting materials. Firstly, LnAs was presynthesized by reacting Ln and As powders at 1073 K for 72 h; NiAs was presynthesized by reacting Ni and As powders at 973 K for 10 h. Secondly, powders of LnAs, Ni, NiAs, and the corresponding rare earth oxide were weighted according to the stoichiometric ratio, thoroughlyground, and pressed into a pellet under a pressure of 600 MPa in an Argon filled glove box. The pellet was packed in an alumina crucible and sealed into an evacuated quartz tube, which was then slowly heated to 1450 K and kept at that temperature for 40 h.
The resultant samples were characterized by powder x-ray diffraction (XRD), performed on a PANalytical x-ray diffractometer (Empyrean Series 2) with Cu-K α1 radiation at room temperature. The detailed structural parameters were obtained by Rietveld refinements [16] . The electrical resistivity and specific heat measurements were performed at temperatures ranging from 0.4 K to 300 K on a commercial Quantum Design physical property measurement system (PPMS-9) with a He-3 refrigeration insert. Temperature dependence of magnetization was measured on a Quantum Design magnetic property measurement system (MPMS-7), employing both zero-fieldcooling (ZFC) and field-cooling (FC) processes with external magnetic field H = 10 Oe for superconducting state and H = 1000 Oe for normal state, respectively. Figure 1 shows the powder XRD patterns of LnNiAsO (Ln = La, Ce, Pr, Nd, Sm). All of the XRD peaks can be well indexed based on a tetragonal cell with the space group of P4/nmm, and no significant impurity phase is detected, suggesting the good quality samples. Room temperature crystallographic parameters of LnNiAsO obtained by the Rietveld refinement are displayed in table 1. Note that with the decrease of Ln 3+ (Ln = La-Sm) ionic radius [17, 18] , all of the XRD peaks moves towards the right-hand side indicating the shrinkage of crystal lattices. The date of Rietveld refinement in table 1 confirm the conclusion. As shown in inset of figure 1 , the a-axis decreases slightly, while the c-axis shrinks remarkably with the decrease of the ionic radius of Ln 3+ . Compared with the counterpart LnFeAsO [19, 20] , we note that a-axis of LnNiAsO is slightly longer than that of LnFeAsO, c-axis is much shorter. The reduction of c-axis in LnNiAsO is expected to strengthen the interlayer coupling, which plays an important role in the enhancement of the Kondo effect in CeNiAsO [15] .
Results and discussion
Figure 2(a) shows the temperature dependence of resistivity ρ(T ) of LnNiAsO (Ln = La, Ce, Pr, Nd, Sm) from 0.4 K to 300 K. The inset shows the enlarged plot below T 4 K. For all the samples, the resistivity falls monotonically with temperature decreasing and no anomaly associated with magnetic phase transition can be observed at a high temperature region. Superconductivity can only be observed in LaNiAsO and PrNiAsO with T c of 2.7 K and 0.93 K, respectively, consistent with previous literature [12, 13, 21] . Note that the T c of PrNiAsO is relatively lower than the recent result with T c = 1.6 K, which is synthesized by high pressure technology [22] . However, no superconductivity is detected down to 0.4 K in CeNiAsO, NdNiAsO and SmNiAsO, as shown in the inset of figure 2(a). The downturn inflection at around 10 K observed in CeNiAsO is owing to the reduction of spin scattering after the formation of AFM ordering of Ce 3+ moments [15] (figure 3(e)). In SmNiAsO, a tiny inflection in ρ(T ) is also observed at 3 K, which is attributed to the AFM transition of Sm 3+ moments, for which we will discuss in detail later on. Figure 2 (b) displays ρ(T ) curves of PrNiAsO measured under various magnetic fields. It is clearly seen that with the increase of the external magnetic fields, SC transition becomes more broadened and gradually shifts towards lower temperatures, and when the field surpasses 0.1 T, SC is hardly (T ) , where T c is defined as the onset of a superconducting transition. According to Ginzburg-Landau's theory, the temperature-dependent upper critical field can be depicted by the formula:
where t = T /T c is the renormalized temperature. By fitting the experimental data (see figure 2(b) ), we derived μ 0 H c2 = 0.092 T. This value is far less than that of the Pauli paramagnetic limit μ 0 H P = 1.84 T c ∼ 1.53 T [23] , but is much closer to the orbital critical field ∼0.08 T estimated by the WHH formula [24] with the initial slope
The feature excludes the spin-triplet pairing mechanism [25] , and confirms the orbital effect. The result is also evidently distinct from the case of LaFeAsO 1−x F x system [26] with the larger upper critical field, implying that the SC mechanism of nickel-based pnictides may be fundamentally different from the iron-based ones.
The magnetic properties of LnNiAsO are shown in figure 3 . It should be firstly pointed out that, in nickel-based pnictides, the Ni sub-lattice is nearly non-magnetic, which has been confirmed both theoretically [27] and experimentally [12, 13, 15, 21, [28] [29] [30] . To our knowledge, no long range magnetic ordering or spin fluctuation [14] has been identified on the Ni sub-lattice in nickel-based pnictides. Therefore, the observed magnetism in LnNiAsO, if any, should apparently come from Ln-4f electrons. In figure 3(a) , the magnetic susceptibility of LaNiAsO shows very weak temperature dependence due to the totally unfilled 4f-shell in La 3+ (j = 0). The Meissner diamagnetic effect in the inset of figure 3(a) is observed at low temperature due to superconducting transition, consistent with previous reports [12] . The magnetic properties of CeNiAsO, which is plotted in figures 3(b) and (c), have been systematically studied in our previous paper [15] . It undergoes two successive AFM transitions below 10 K. A precise definition of T N1 = 9.3 K and T N2 = 7.3 K is derived from the consistency among multi-quantity measurement, including dρ/dT , d(T χ )/dT and C/T , as shown in figure 3(c) . On the other hand, the strong interlayer 3d-4f hybridization also results in a large Sommerfeld coefficient γ 0 = 203 mJ (mol·K 2 ) −1 and a relatively high Kondo temperature T K ∼ 15 K. These properties set stage for the quantum criticality research under pressure [31] . SmNiAsO in figure 3(d) also exhibits an AFM transition at low temperature due to the local moments of Sm ions, represented by a distinct peak in χ(T ) at 3.5 K. A tiny inflection was also observed in ρ(T ) at 3 K (inset of figure 2(a) ), which should be associated with this AFM transition. The prominent λ-shaped peak in specific heat strongly demonstrates the second order phase transition, as shown in the inset of figure 3(d) .
Finally, for PrNiAsO and NdNiAsO, temperature dependence of magnetic susceptibilities is plotted in figure 3(e) . It is easy to see that the magnetic susceptibility curve above 50 K exhibits a Curie-Weiss behavior for both of them. We therefore fit magnetic susceptibility to the formula χ(T ) and Nd 3+ moments in χ(T ) is observed above 2 K. Nonetheless, through the measurement of specific heat down to a lower temperature, a pronounced peak at T N = 1.3 K in specific heat is observed, and shifts slightly towards lower temperature as B = 1 T, as shown in the inset of figure 3(f ) . The result implies that Nd 3+ moments always order anti-ferromagnetically at low temperature. This feature was not discovered in the previous paper [12] . Note that χ(T ) of PrNiAsO tends to saturate at a finite magnitude, but NdNiAsO seems divergent when approaching T → 0 in figure 3(e) . The distinction is clearly observed in 1/χ(T ) from their opposite curvatures at low T . This feature is reminiscent of their magnetically ground states in the crystalline electric field (CEF) surrounding.
As is well known for a rare earth ion in a CEF surrounding [32, 33] , if the electron number is odd, then the total angular momentum j is half integer; the time inversion symmetry preserves an even-fold degenerate ground state that will always result in a Kramers magnetic state. On the other hand, if the electron number is even, then the total angular momentum j is integer; the degeneracy can be totally lifted up; a Kramers non-magnetic (or Kramers magnetic) state emerges if the ground state is odd-(or even-)fold degenerated, depending on the specific CEF splitting. For all kinds of Ln 3+ ions studied in this paper, we have listed the total angular momentum j in table 1. Remarkably, we also notice a salient feature for LnNiAsO that SC appears only in those Ln 3+ ions with an integer angular momentum j . Apparently, LaNiAsO is Kramers non-magnetic. The finite magnetic susceptibility of PrNiAsO in T → 0 limit also reminds us of the Kramers non-magnetic state in Pr 3+ . To get a clear picture of CEF splitting in PrNiAsO, we systematically analysed the specific heat data, as shown in figure 4 . We write the total specific heat of PrNiAsO as follows:
where C el , C ph and C mag represent electronic, phonon and Pr4f magnetic contributions, respectively. C mag is then derived by subtracting the specific heat of LaNiAsO (measured under μ 0 H = 5 T) from C Pr ; the result is shown in the main frame of figure 4 (a). A broad peak centered at around 17 K but keeping a long tail to higher temperatures can be observed on C mag (T ), which should be ascribed to the Schottky anomaly caused by thermal population of CEF levels. For a Pr 3+ (j = 4) ion in a C 4v (P4/nmm) local point symmetry, the CEF Hamiltonian formulates: [34, 35] . In such CEF surrounding, the nine-fold degenerated states of Pr 3+ split into five singlets and two doublets. The thermal population among Kramers levels conforms to the Schottky anomaly formula:
where R = 8.314 J (mol·K) −1 is the Avogadro constant, ε i (i = 0, 1, 2 · · ·) stands for the eigen-energy of the ith excited state with the degeneracy of g i . Since C mag (T ) shows a prominent peak at ∼17 K, we assumed the first excited state is about 40 K above the ground state with equal degeneracy; we noticed that the magnetic entropy gain S mag (T ) (derived by integrating C mag /T over T , shown in the inset of figure 4(a) ) recovers R ln 4 at about 50 K, and also taking into account the inflection observed near 35 K, we therefore speculated g 0 = g 1 = 1, and a doublet that is about 50 K above the ground state. Since S mag reaches 95% R ln 6 at 100 K, we thus surmised a second doublet with ε 3 slightly larger than 100 K. For simplicity, we treated the remaining three singlets as a quasi-triplet with ε 4 much larger than 100 K so that they have negligible effect on C mag at low T . The best fitting to equation (4) leads to the energy differences Δ 1 = 39.4 K, Δ 2 = 49.9 K, Δ 3 = 116.5 K, and Δ 4 = 202.1 K. A schematic sketch of this CEF splitting is displayed in the inset of figure 4(a) . This analysis confirms the Kramers non-magnetic ground state of PrNiAsO.
We then subtracted C mag from C Pr , and the result is displayed in a (C Pr − C mag )/T versus T 2 plot as shown in figure 4 (b). This allows us to determine the Sommerfeld coefficient of normal state γ n = 13.1 mJ (mol·K 2 ) −1 . We also got the slope of T 2 term of the phonon contribution, β = 0.676 mJ (mol·K 4 ) −1 , from which we can estimate the Debye temperature D = 226 K. We should emphasize that the upturn observed in (C Pr − C mag )/T at low temperature should be attributed to tiny magnetic impurity, which takes the form C im = B/T 2 ( [36] ). The electronic specific heat is then treated as:
where γ 0 = 12.3 mJ (mol·K 2 ) −1 is the residual Sommerfeld coefficient, C SC is the superconducting part, while the parameter B is fitted to be 0.519 mJ mol −1 K. We then calculated C el − γ n T − C im , which is shown in the inset of figure 4(b) . A specific heat jump is now clearly seen at T c = 0.93 K, demonstrating the bulk nature of superconducting transition. The magnitude of this jump is ΔC| T c = 1.09 mJ (mol·K) −1 , from which we may evaluate the ratio ΔC/(γ n − γ 0 )T | T c = 1.42. This ratio is very close to that (1.43) predicted by the traditional weak-coupling Bardeen-Cooper-Schrieffer (BCS) theory [37] . Furthermore, the superconducting part of specific heat is also well described by the s-wave model [38] , viz. C SC = AT −3/2 exp(−Δ 0 /T ), with the ratio 2Δ 0 /T c = 3.61, comparable with that (3.54) of the BCS's theory. Besides, if we calculate the electron-phonon coupling strength of PrNiAsO via [39] λ e−ph = 1.04
we will obtain λ e−ph 0.41, comparable with that of single elemental superconductors like Mo(T c = 0.92 K, λ = 0.41) [39] . Note that here we have chosen the Coulomb pseudopotential μ * = 0.10 as polyvalent metals [40] . The small λ e−ph again confirms the weak electron-phonon coupling mechanism, which is severely contrary to that of LaFeAsO 0.9 F 0.1−Δ [40] . The NQR experiment [14] and specific heat measurement [41, 42] have proposed the weak coupling conventional SC in Ni-based superconductors. It is widely accepted that in a conventional superconductor, SC and magnetism are usually antagonistic to each other. Generally, SC is likely to expel magnetic fluxes, while on the other hand, magnetism (even if it is short-ranged) is able to destruct the Cooper pairs [43] [44] [45] . In the nickel-based oxyarsenides LnNiAsO (Ln = La, Ce, Pr, Nd, Sm), Ni-sublattice is non-magnetic and SC only emerges in Kramers non-magnetic Ln 3+ compounds. This is strikingly different to the iron-based superconductors, which undergo a Fe-AFM phase transition and always display SC in all doped LnFeAsO systems, no matter if Kramers magnetic or non-magnetic. These results strongly demonstrate the conventional SC in nickel-based oxyarsenides. The fact that our T c of PrNiAsO is a little lower than that of [22] is due to the magnetic impurities. We may also expect that if TbNiAsO can be synthesized in the future (e.g. by a high pressure technique), SC is possible provided that Tb 3+ (j = 6) is of Kramers non-magnetic ground state.
Conclusion
In summary, we synthesized and investigated a series of nickelbased oxyarsenides LnNiAsO (Ln = La, Ce, Pr, Nd, Sm). CeNiAsO is an electronic correlation enhanced anti-ferromagnet that undergoes two successive AFM transitions at T N1 = 9.3 K and T N2 = 7.3 K; SmNiAsO and NdNiAsO also show an AFM transition at T N 3.5 and 1.3 K, respectively. SC was observed only in Kramers non-magnetic LaNiAsO and PrNiAsO, with the critical transition temperature T c of 2.7 K and 0.93 K, respectively. Those results suggest that superconductivity in nickel-based superconductors may be affected by magnetic interaction. Upper critical field and specific heat measurements of PrNiAsO reveal that it is a weakly coupled conventional superconductor. Our work confirms that the nickel-based oxyarsenide superconductors are different in mechanism to ironbased ones, and are likely to be described by the conventional superconductivity theory. Our work also provides a new perspective to understand the unconventional SC in the iron-based pnictides.
